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Utilizing the low tcmpcraturc  silicon molecular beam cpitaxy (M }31;) growth of dcgcner[itcly

doped  Si(ic  la ycrs cm Si, long wavelength stackc(i SiGc/Si bctcr[)junct ion intcrn:tl  photocmission (111P)

infrared detectors with multiple SiGc/Si layers have been fabricated and dc.nmnstratcd.  ‘1’bc detector

stmctme consists of several periods of degenerately boron dopcc]  thin ( <50 A) SiGe layers and undopcd

thick (= 300 ~) Si IIaycrs. “l’he stacked SiGc 1111’ dc.tcctors  arc cxpcctecl to exhibit higher quantum

efficiencies than single layer 1111’ detectors dm to thin SiGc layers which can enhance tllc internal

quantum efficiency. llsing  elemental boron as a dopant source during the low tcmpcratme Mllli  growth,

high doping concentration (= 4 x 102° ml-3) has been achieved and high cryst:il]inc  quality multiple

SiGc/Si layers have been obtainc(i. l:or the. cxpcrimcnt several stacked Si07Gco.~/Si  1111’ detectors

with various SiClc layer thickness and doping concentration have been fabricated. ‘1’hc detectors have

exhibited strot~g infrared absorption and near ideal thcrmionic-emission dark current chamctcl  istics. l:or

the stacked Sio.7Gco.~/Si”  111P dc.tcctors  with [11] = 4 x 1(120 cm-s, strong photorcsponse  at

wavclc.ngths  ranginc 2 to 20 pm has been measured. lhlhanced quantum efficiencies, cs~mially  in the

long wavelength regime (L >10 pm), have been obsc.rvcd comlmcd  to those of our single Iaycr SiCic

111P detectors with the same Cic concentration, doping concentration and total SiGc layer thickness,

which is due to the Ienhanccd internal quantum cfficicllcy.  ‘1’hc. effects of dol)ing  conccntra[ion on the

detector optical and electrical ch:iracteristics  have been studied, lJsing the measured quantu]n  etllcicncy
an(i dark current data, dctcctivity  (lJL*) of dctums  has beet) estimate.d.

1 ,ong wavclcngtb  infrarc41  (1 .WIR) detector focal plane arrays o])craling  in the ranf,c of 8 to 17 ~lm

have been of great interest for a variety of s])ii~c and dcfcnsc applications. Rcccr~tly,  with the advent of

the silicon molecular beam cpitaxy  (Si-Mill{) [~,rowth tcchniquc, novel Si<ic/Si hc~crojunction  internal

pho[ocrnission  (1 111’) 11< dclcctors have been fabricated and (lt:]]~c)l]stf;itc(~  to exhibit tailorablc dctc.c(or

response in the long wavelength infrar~d rc:,imc.  ]‘5 ‘1’hc SiGc/Si I 111’ detectors can bc easily intcgl atut
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with Si readout circuitry either monolithically or by iridium bump bonding, and arc expcctecl  to exhibit

excellent pixel-to-pixel uniformity and good  ctcvicc rcliirbility.  Recently, using Si&/Si 1111] detector

elements and monolithic CT1>  readout circuitry, 400 x 400 focal plane arrays with 10 pm cut-off

wavelength were fabricated by “1’snur et. al, and hig,h quality images were de~~~or~st[[ited.4’5

The idea of the heterojunction  internal photoemission  (1111’) detector was first proposed by

Shepherd ez. al in 1971.6 IIowcver,  due to the lack of epitaxial layer growth tcchno]ogy,  the concept

was not implemented unti] 1990 when 1.in cl . (JI  first demonstrated SiGe/Si 111P detectors using an

advanced Si-MBE growth technique. 1 “l’he si~JC/si 1111’ detector consists c}f a dc~encratcly doped  p+ -

SiGc layer as an emii tcr and a p-type. Si substrate as a collector. ‘1’hc device structure and band diagram

arc :shown in I;ig. 1 (a) and (b), respectively. “1’hc  detection mechanism involves strons  infrared

absorption in the p-l -SiCle  emitter layer mainly through free carrier absorption followed by the internal

photoemission  of photo-excited holes  over the SiGc/Si  hcterojunction  barrier into the Si substrate, as

shown in Fig. 1 (b). ‘1’he cutoff wavelength & of the 111P detector is de.tcnnined  by the effective barrier

height qd~b,  and is given by

k~(pm) = 1 .24/qa)[,  (ev) (l).

~’hc effe.ctivc barrier qd~b is determined by the valence band offset (AI;V) bctwccn  Si 1 -XGCX layer ancl Si

substrate, and the Vcmli-level J;f in the SiCic layer, alit] is given by

q@b : A};v  - (~;v - l~f) (2).

‘]’hc valcncc band offset Al{v between SII :iintxi Si 1 -XGCX and Si layers and the I ‘ermi-lcvc] l:f Gin be.

tailored by changing the Gc composition and doping concent[-:ition  in the SiGc layer, rcspcctivdy.  ‘1’bus,

for !;iGe/Si 1111’ IR (ictcctors,  by engineering the Gc and doping conccrltrations of Si I -xGex layer, the

cut-off wavelength can bc tailored over a wiclc IR range (3- 30 pm). ‘I”hc tailorab]c  cut-off wavelength

can be used to opt imi?e the trade-off between the 1.WIR rcspc)nsc and the cooling rcquil  cmcnt of the

dctcrtor.

“l’he external quantum efficiency (II) of an internal ~ihotocmission  detector is a product of

absorptance (A) in SiG layers and internal quantum c. fficicncy (~~i) which is deflnecl  as !hc ratio of the

collected holes to the photo-cxcite(i  holes (i.e., 1) =- A ?~i). Si(ic/Si  ] 111] detectors offer higbcr internal

quantum efficiency than silicidc  Schottky  barrier- dctcctols dw to substantially snxtlla  l;ermi-energy of

pi -Si(ic  layers. 1,2,5 “1’l~C  intCrnal quantum  cffiCiCncyof1111} detectors arc limited by inelastic hOIC-hOIC

and hole- phonon  scattc.rings  as well as the number of holes rcdirccte.c~ rom (hc SiCic/air intcrfacc  to the,
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SiGc/Si interface. ~cducing  the SiGc ktyCr thickness enhances the internal quantum efficiency since

photo-excited holes  would suffer less inc.lastic  scattcringg;  however, rcciucing the SiGc layer thickness

reduces infrared absorption as well. “J’bus, the optimal SiGc layer t}lickncss is dctcrmincd  by the trade-off

bctwccn absorption and internal quantum efficiency. one way of achieving high internal (] UiiI)tUIH

cfficiiency  without losing absorption is by incorporating thin multiple absorbing SiGc layers which arc

stacked between Si barriers. ‘l-he detection mechanism of a stacked SiGc/Si  1111’ [ietcctor is schematically

illust.rated in Fig. 2 and it is similar to that of single  layer Si~lc/Si  111P detectors. In this case, each

individual layer has high ~i due to the thin Si~~c  layer and the absorption from each layer contributes to

the total absorption. F~ur[hemorc, due to the applied electric field toward the Si substfiite  (z-(iirec[ion),

the photo-excited holes traveling opposite to’ z,-ciirc.ction  will be redirected toward the Si substr:itc.  ‘l’his

wiii further increase tim intcrnai  quantum efficiency.

To gain high photoresponse, dcge.ncratc (ioping in the SiGc emitter layer with abrupt doping

profdes  and high quality epitaxial layers with smooth SiGe/Si hctcro-in[crfacc  arc essential. “]’hcse

requirements can be achieved by t}w M13}~  growth of SiGc layers at low temperatures using clcmcntal
boron source for doJ~irJg.  I:or a SiGe/Si hetcrostmcturc,  the lattice mismatch bctwccn Sil -XGCX anti Si

layers induces strain in the Si ] .XGCX layer. lluc to this strain, a Sil  .-x~JCX  lay~l’  C{ln k ~)own

9 IIeyon(i the ct iticalpsc\lcioi~~orl]hictilly  only up to a small thickness which is calltii “critical thickness” .

thickness, the Si l-X(ICX  layer will resume its natul al lattice constant by generating misfit ciislocations  at

the hctcro-intcrfacc.  ‘1’hc growth of high a quality strained Si{ic layer requires some key con(iitions,  such

as an Liltra high vacuum, low growth temperature. ami clean substt”:ite.  surface. Among tilcm, low growth

tcmpcr:iturc  is the most critical con(iition. }Iigh lcmpcraturc growth causes strain relaxation and allows

three dimensional growth (islami for’~nation)  of the Si(ic  ]aycr” which results in pooI” nlori)bo]ogy.  ‘1’0

obtain high crystalline quality str:iincd Si I _xGcx layers, the g!owth  tunpcraturc  shou](i bc kept below

500 “C~

}’rcviously,  for our SiGc/Si  } 111’ cictcctor  structure :rowth,  1 lllo~  was use(i as the boron (ioimnt

source  for the p + SiGc Ifiycrs gl-owth. A 1 J1302 source has [he advantage of cxhibi[ir]g  high vapor

pressure that allows the usc of a conventional Knu(iscr)  cell to evaporate the rcqui~-c(i  high (ioimnt  flux. 1‘)

}Iowcvcr,  (iuc to the (ioping mechanism in 1 III()?,  a relatively hi~h growth tcmpcraturc ( >650 O{;) is

3



required for high quality crystalline growth  for the following, reactions: ‘1’ > SO() ‘C for the initial reaction

with Si to form elemental boron and silicon dioxi(ic;  ‘I’ >650 ‘C for the removal of the incorporated

oxy~cn  by rcnction of silicon dioxide with silicol~  to fotrn volatile SiO. ‘1’he USC of 1 l}lo~ at the low

growth temper’aturc required for straine.ci  SiGc layer gl-owlh introciuccs  a high lcvei of oxygen

contamination in Si(ic  layers and an incomplete reaction with Si to form clcmcntal boron, l;igures 4 (a)

and (b) show the. crolss-se.ctionai  “1’J{M micrographs  of 25-nrn-thick undoped  and I lIlOZ cioped  (p+ ==

2x 102~ cn~-~)  Sio.y(ko.~”  layers grown by Mlllt  at 500 ‘C. ‘1’he quality of the 111102 dopcci sample is

significantly worse than that of the undopcd  sample, rcwcaling  very rough surface morphology an(i high

defect density (2. x 1 Cl] 0 cn~-2)  which is caused  by low tetnpcratur=e growth.

‘l-he p+ -SiGe layer growth problems associatmi  with } 11102, source can be resolve(i by using

elenlcntal  boron eva]mrateci from a high- tcnlJx.1 iiturc Knudsen cell (ciuc to the low vapor pressure of ti~c

e.lcn)c.nta]  boron, higlh  temperature, 1700- 1900 ‘C, evaporation is required. 3’bus, a spcciall  y designed

Knudsen cell is re.quired).~  ‘1’he elemental boron allows very sharp an~i high doping profi]cs with gomi

crystalline quality ej)itaxia] layers over a wide range, of tcmpcrat ure (ewe.n below  400 T). l~igur c 4 shows

(i stx:on(iary ion mass spectroscopy (SIMS) [iopin~:  profile using  an clcmcntal  boron source after Ref. 11.

l’he figure shows extremely silarp cioping  profiles revealing 10 pcriocis of p’ -Si/ p--Si layers with Ciccay

le.ngtil  of about 20 ~. ‘1’hc usc of clcmcntal boron cnahlcs us to grow high qua]it  y stackcxi SiGc/Si  II II’

detectors with multiple p+ -SiCie/p--Si layers for which hyper sharp doping profiles an(i smooth hctcro-

interfaccs  are. indispensable. l:igure 5 shows a closs-sectional “1’1 {M micro graph of a Mllli  grown

mull.iple  p+ -SiGc/p--Si  layer structure. ‘1’hc growth temperature was 380 0(2 anti the elemcl]tal  boron was

usecl for the growth of p+ -SiC}c layers with 4 x 1020 cnl-3 (ioping concentration. It shows very smooth

and flat in[cr~~ces  bctwccn  SiGc/Si  and no defects within the ‘J’EM rcso]ulion.  ‘1’bus, using the c]cmcnta]

boron source, high crystalline quality p+ -straine.(i  SiGe ]aycM  earl bc glown at low tcmpcmt  ur e which

ensures strain conservation and smooth morphology.

‘1’hc stacked layer SiGc/Si 1111’ dctc.ctors were fabr-icateci by Ml]]{ growth of multip]c p-l -Sil _

x~Jcx and unciopcd-Si  h~ycrs  on Oxi(ic  pattcrnc{i  ])--lypc Si( ] ()()) wafer’s where rl-type guarci r’ings wer”c

incorpor:ttcd  at the, pcl iphery of the active [ictcctor area to minimize. edge leakage current. Prior to M} II{

grmvtil, a wafer was cicancd  using the “spin-clean” lncthod  which involve. s the removal of a chemically

grown protective oxide using an 111/c[hiinol solution in it nitrogen grove  box.l 2 ‘l”hcn,  the wafer was

loaded into a commercial Ribcr l~VA 32 Si MIll~  systcm  wi(il a base prc.ssurc of 3 x 10-11 torr, an(i

heated to 650 ‘C to remove the Jwotcc[ive oxicic. C;C and Si were cvaporatcxi  from e]cctron-gun  sources,

an~i c.lc,mcntal  boron was cwaporatcii from a l~igl~-tcl~l]~el.:itlll.c.  Knu(iscn cell. ‘1’hc growth tclnpe.rat  ur c was

main tainc(i  at 380 0( ~. ‘1’hen, the detectors were fabricatcxi  by stanciar(i Si processir~g  steps which inclmicxi

plasma etci]ing  of

COJ)l.;lCtS  OJ) tilC t[)])

Mllll  grown SiGc/Si layers an(i al[tlninuln  ~\’ill)~]iitiO1)/])[itt~r ning,  to make ohmic

pi -Si@ hlycr and boron irnplantr(i  Si- p-{ WC1lS as shown in f“ig. ] (a).
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I’hc infrared ;absorption  of the multiple Si(3c/S i layers was characterized with a Iiourier  transfoml

infmrcd (FTIR) spectrometer. Iiigure 6 shows the, absorption spectrum of a multiple SiCk/Si layers

which consists of four’ periods of 50 ~-thick  p-t- Si0.7Gc~. ~ layers and 300 ~-thick  undopec] Si ]aycrs.

The SiGc layers were boron doped to about 4 x 10~0 cm-~. “l’he absorption incrcasm monotonically with

wavelength, and strcmg  absorption ( 30 to 45 %) is obtained beyond 10 pm. “l’he infrared absorption is

mainly  due to the strong free carrier absorption caused by the heavy doping  in t}lc SiGc layers, “l’he small

peak near 3 pm is duc to the valence intraband  transition. 13*14

“l”hc photoresponsc  of the stacked 1111’ detectors was measured using a glow bar, a

n~onochromator  with several band p:tss filters to eliminate the higher order effects from gr:itings,  :in(i a

pyroc]cctric detector to calibrate phc}tcm flux. ]nfrared illuinination  wits applied cm the, front side of the

detectors. ];igure  7 shows the j)hotorcsponse spcctr:t  of a stacked 111P detector (detector A) ii~ ter[ns of

exte.ril:il  qliantum  efficiency. ‘l’he detector consists of three 50 ~-thick  p+ -Si(].7Gco.~ kiycrs which tire

scp:ir:itcd by 300 ~-thick  ~indoped  Si layers. “1’hc Ge concentration and boron concentr:ition  arc 30 %

and 4 xl 020 cm-~~,  respectively. ‘1’he :ictivc  detector :irc:is  arc 1.2.5 xl ()-3 CnI’2. ‘1’he. opcl:iting

te.mpcratlirc tind bi:is volt;igc are 30 K and -().5 V (positive to the top SiGc hiyer),  respectively.

‘1’he detector shows broad photorcsponsc which ctit off at tiround 20 pm. ‘I”hc peak msjmJlsc  Iics

:it around 5 Um with 6 Yo cxtcrn:tl  quantum efficiency. The response giadu:i]ly  de.crc:ises  its the

w:ivc]cngl h increases and a small bump k observe.d n~itr 14 ~In]. ‘1’he detector In;inifests  about 4 :ind 2 %

cxtcrna]  quantiim  efficiencies at 10 pm tind 15 pJrI w:ivclcn~[hs,  respective] y. ‘1’his st:ickcd SiGc/Si  1111’
detector, in general, exhibits higher quantum efficiency in the I.WIR regime (~>lopJn)  than our single

layer SiCic/Si 111P detectors with the s:imc Gc collcel~tl-:itio]l, doping conccntr:ition :iJd  Si<ic l:iycr

thickness. l;or ex:inq>le, a 200 ~-thick  Sio.7Gco.#Sin ]111> detector with J) = 4 x 1020 cm-~ showed

quantum efficiencies of :ibout  2 % fit ] () pJn  aJId  Jcss ttl:in ] % at 15 pm. ‘J ‘}]c enhancement of qu:intiim

efficiency can be due to the enh:inccment  of intcrn:i]  quantum efficiency for the stii~kcd Si(Je/Si } 1]1)

detector, espc.ci:i]ly  in the. long wavelength regime where photo-excited holes  h:ivc sJn:ill kinetic energies

to cross over ii potcnti:il  b:irrier. l’bus, the results illdi[:iit~  Ih:it stacking thin SiGc lliycrs is ilscfill to

cnh:i  Jwc the internal q~iantilm  efficiency. ljigilrc  8 shows the bi:is  dcpcnde.  nt photorcsponsc  of this

stacked SiGc/Si  }IIJ) detector. ‘1’hc w:ivelcngth  w;is fixed at 10 pm. With SIllilll bias (() 100.2  V), thC

qil:in(um efficiency incrctiscs  r:ipid]y.  Wbilc iibovc 0.2 V bi:is it increases slowly, iil](l fin:i]ly it gc(s

stitmatcd  iibovc 1 V.
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‘l’he 1-V chmacteristics  of the stacked SiGc/Si  111P detectors were measured at several

temperatures. Forward and reverse bias modes show asyiillnctric I-V characteristics, because a larger

lcalmge current occurs under forward bias. l;ig.!l shows rcvcrsc-bias  dark current characteristics of a

st:ick.ed SiCie/Si 111}>  detector (detector B) with four 25 ~ pi -SiO.7Gc0.~ layers separated by 300 ~

undoped  Si layers. This detector shows a similar photcmspcmsc  as shown in l~ig. 7 with about 20 pm

cut-off wavelength. ~’he doping concentration for this detector is 4 x 1020 cm-~. ‘1’he effective barrier

height can be estimatwi by activation energy analysis. 1 ~~ Por the stacked SiCie/Si } 111’ detectors, dark

current is dominated by the tl~erll]io[~ic-el~~issiot~  current, especially at low bias, which is given by

Jo=- A ** ‘1’2 cxp(-@@T)

where A** is the Richiwdson  constant, ‘1’ is the absolute temperature, K is Boltzmann constant, nnd qd)b

is effective barrier height. ‘l’he above equation is derived for the t)]ree-dil~~c~~siol~:il  tl~erl~~iollic-cl~lissio~~

case, but the equation can still be applied to the present stackc.d SiGc/Si 1111>  detectors, in spite of

possib]c subband formation inside SiGe layers duc to the thin SiGe layers sandwiched bctwccn Si

potential barriers. ‘1’his is because subbands arc occupied up to considerably high energy states due to

large Jicrmi-level  encrg  y (150 nlcV) in SiGe layers which is causeci by dc.generate eloping. I;igure  10

shovvs the activation energy plot for the stacked 1]11) detector shown in l~ig.  9 at -0.1 V bias. ‘1’hc

effective barrier height determined flon~  the linear slop is 60.4 nicV which corresponds to 20.5 pm cut

off wavelength; and A** detc.rmincd from the ordinate intel-ccpt  at l/k”l’ == O is 4.5 A/cn)2/K2. “1’his

estimttcd  barrier height agrees well with the observed cut-off wavelength shown in liig. 7. “1’hc small

A** values indicates that the epitaxial  layer quality of multiple SiGe/Si layers is exccllcnt, an[i the d:irk

current iS limited by the ideal t}lcrllliorlic-cllli  ssioll Curl”cnt.

Stacked Si(kX3i  111P detectors for 5-10 pm application have also been fabricated using lower

doping concentrations. Ilcte.ctors  C anti 11 consist of three 50 ~-thick  pi -Si(J,7Gc(J~ layers which arc

separated by 300 ~-thick  undoped  Si layers. Ihping  concentrations arc about 1 x 102°” and 2x 1020 cnl-3

for detectors C and D, respectively. liigurc 11 shows external quantum efficiency vs. wavelength for

detector C (open square) and detector D (filled square), Both de.tcctors show peaks at around 5 ~in) with

quantum efficiency of 3-4 %. q’hc quantum efficiency c]rops r:tpid]y with increasing w:ive]cngth.  At

arotlnd 10 pm, quantum efficiencies of 0.7 and 0.5 % arc mcasurccl fm cletcctor  C and detector 11,

rcspectivc]y. IIctcctors  C anti 1) show the cut-off wavelengths of about 17 and 15 pm, respcctivc]y.

“1’hcsc  values are sma]lc.r thnn the cut-off wavc]engths of detectors A and Il. “l’his indicates that a

dclcwtor with lower doping concentration exhibits shorter cut-off wavelength as was cx])ccted  from ]{q.
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(2) ciuc to smaller Ilf. The reverse bias J-V chatactcristics  of detcztor D at several tem~]craturcs  is shown

in I:ig. 12 for comp~arison  with those of detector A and B. It shows much smaller dak current than

detector A and B. Ckmsequently,  this detector can be operated at higher tcmpemtures.

“l’he defectivity of the stacked 111P detectors can be estimated from the measured quantum

efficiency and dark current. ‘J’he D* is estimated by] 5

where q is the external quantum efficiency, A is the dcteetor area ant] L is the wavelength (pm). ill is the

dark current noise  which is given by

whc]re 1(1 is the dark: current, g is the photocurlcnt  gain and Af is the bandwiclth. Assumirlg a unity

current gain (g =- 1), wc have estimated IIL*’s of the detectors at several temperatures an(i arc plotted in

Fig. 13 for detector B an(i D. Iior both cases, the biits  vc~ltage  is -0.2. V which gives relatively high
quanlum efficiency with low dark current. Detector ]3 shows broad s]) CCtJ’1111) with 1)~* > ] x1010

m{}iz/W  at 40 K over 4-16 pm wavelength range; and cictcctor 11 shows IIL* > 1x101 O cm{}]~.~~  at 60 K

over 3-9 pm wavelength range.

~. SUMMARY

in summary, wc have demcmstrateci  stacke(i SiGc/Si 1111’ infrarc(i detectors usin~  multiple

Si(J.’lGe.O,~/Si layers, IIigh crystalline qtla]ity  multiple ])+-Si~07Cic~.~/]]--Si  layers were grown by low

temperature MDE technique incorporating c]emcnta]  boron scmrce for doJ)ing. ‘J’he (ictcclors  showed

very strong infrarc(i absorption and near i(ical thcrmionic-emission  ]imitc.d daJ-k current characmristics.

“1’he stackcci SiO.7Gco.’3/Si  111P detector with p = 4 x 102°  cnl-~ showcci strong photorcsponsc  at the

wavelength bc.twce,n  2 to 20 pm with a external quantum efficiency of about 2 % at 15 Llnl. “1’hey

showed cnhancrxi  quantum efficiencies, especially in the long wavelength regime, than our single layer

Si(h;/Si  111P detectors. “l’his  is ehnahccmcnt is (iuc to the enhance(i  internal quantum efficiency. Stacked

Si(J.7Gco.~/Si 1111’ cictcctcms with lower Cioping  concentmtions  have bccJl fiibkitcd  aS WC]]. ‘J’hcy

exhibited shorler cu[-off wavelengths than the (ictcctors  with higher doping conccntr:itions ciuc  to the
smallc.r l;crmi-energy. Dctcctivitics (III*) of these stackr.~i  SiGc/Si 1111’ dctcwtors were cstimatmi  using

the measure.ci quantum efficiency and dark curlcnt (iata. ‘1’hc cic.tcctor with p =- 4 x 1020 cm-~ shows
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broad DL* spectrum with DA* >1 xl 0] 0 CIII{}L,N  at 40 K over 4-16 pm wavelength range; and detector

with p =- 1 x 1020 cm-~ shows DL* > 1 xl 010 ctll~]rzm at 60 K over 3-9 Iun wavelength range.
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Fig. l.(a) Sclncl~~atic  cross sectior~of aSi(;c/Si  llllJclctcctor.  (b)l-;r~erg,y ba[l(ldiagr:i~~lof

the SiGe/Si }111>  dctec[or  and schematical  illustration of detcz[ion  mechanism.

}iig.  2. Energy band diagram of a stacked SiGe/Si }111> structure showing the dclection

mechanism.

I;ig. 3. (a) Cross-sectional ‘1’EM Inicx-oglaphs  of undoped,  (b) 11110~  boron doped

Sio.7GcOmq  layers grown by MBI: at 5(IO ‘C.

l~ig. 4. A SIh4S profile of a typical elelncnta]  boron doped  Si layers grown by Ml.]];.  It

reveals 10 periods of p+”-Si layers  with hyl)cr sharp doping profiles. IIAay lenglh  is about

20A.

Fig. 5. Cross-sectional 1’llM micrographs  of a Ml]l{ grown multiple pi -SiGc/p--Si layer

structure. The growth temperature was 380 ‘C and the c]c.mental boron wits used for the

growth of p+ -SiGe layers with 4 x 102°” cnl-~ doping conccntrat  ion.

Pig. 6. F-l’IR absorption spectra of multiple SiGe./Si layers with

Si(].~GcO.~ /3(K1 ~ undopcd  Si layms. Doron dopinp,  is about 4

strong free carrier absorption.

four periods of 50 A p+ -
x 1020” cm-s.  It exhib i t s

l:ig. 7. l{xtcrna]  quantum efficiency vs. wavclcrigttl  for a stacked SiGc/Si 1111) detector.
‘1’hc detector A consists of three 50 ~-thick  p+-Si~+7Gco.~  layers which are separated by

3(KI ~-thick  I)ndoj)cd Si layers. “1’hc  borot~ conccntratiol) for the detectors is about 4 x 102°”
-3cm .

l;ig.  8. “1’hc  bias dependent photorcsponse  of detector A. ‘1’hc Wavclcnglh  was fixed [it 10

pm.

I:ig. 9. ‘1’he reverse bias c~lrlcl~t-vc)l[:t~,c  (J-V) characteristics of ii stacked SiGc/Si
} 11P detector with four 25 ~ p+ -Sio.-~(;eo.~”  layers separated by 300 ~ undopcd  Si

stacked
liiyCI”S .

10



l’ig. 10. ‘l’he aclivaticm energy plots for the stacked 111P detector shown in Fig. 9 fit -0.1 V

bias.

};ig.  11. External quantum efficiency vs. wave.length for stacked SiGc/Si 111P detectors

with lower doping concentration. Ilctector  C and D consist of three 50 ~-thick  p+ -

Si0.7GeO$~  IIaycrs which are separated by 300 ~-thick undopcd  Si layers. IIoping

concentrations are about 1 x 1020 and 2 x 102~ cn~-3 for detector C and D, respectivcl  y.

Fig. 12. The reverse bias J-V chamcteristics of detector D.

Pig. 13. The cstimatccl cietectvity  (D~*) vs wavcle,ngth  at several temperatures for detector

11 and D.
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